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Abstract
We compute electrostatic fields induced deformations of cantilevered finite-length metallic carbon
nanotubes, using an energy minimization method based on a charge-dipole moment interaction
potential combined with an empirical many-body potential. The influence of field strength, field
direction and tube geometry on the electrostatic deflection is investigated for both single and double
walled tubes. These results could apply to nanoelectromechanical devices based on cantilevered
carbon nanotubes.
PACS numbers: 85.35.Kt, 32.10.Dk, 31.15.Qg, 41.20.Cv
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I. INTRODUCTION
Cantilevered CNTs can be used as key elements in nanoelectromechanical systems
(NEMS) such as nanorelays,1,2 nanoswitches,3 nanotweezers4 and feedback device5 which are
designed for memory, sensing or actuation uses. The electric field induced movements and
deformations are key characteristics for these applications, as well as for CNTs’ fabrication6–8
and separation.9 Indeed, electric field induced deflection10,11, alignment12,13 and microstruc-
ture change14 of CNTs have been observed in experiments. Compared to the semiconducting
CNTs, the metallic ones can generally be more sensitive to the presence of external electric
fields due to their free charge distribution and higher polarizability.7 They can therefore be
expected to play a more important role in NEMS.
In this work, motionless equilibrium forms of CNTs in electric fields are computed by the
method of energy minimization using the algorithm of conjugated gradient. The total poten-
tial energy of the system is the sum of an induced electrostatic potential and a many-body
the interatomic potential. In one of our previous studies, this method was used with a regu-
larized dipole-only model15 to calculate the induced electrostatic potential of semiconducting
single-walled CNTs (SWCNTs).16 However, the change of the charge distribution of metallic
CNTs cannot be properly described by this model. Thus, a regularized charge-dipole model
parameterized for fullerenes and metallic CNTs,17–19 is used in this work.
The interatomic potential is computed using the adaptive interatomic reactive empirical
bond order (AIREBO) potential.20 This potential is an evolution of a many-body chemical
pseudopotential model (REBO) parameterized by Brenner21 for conjugated hydrocarbons,
which has been widely used in theoretical studies on mechanical and thermal properties of
CNTs. Polarization effects may change the strength of bonds, as discussed in Ref.22. Indeed,
Figs 6 and 7 of this reference show that the relation between the deformations is significantly
changed in fields with respective strengths E = 32 V/nm and E = 40 V/nm. However, since
the fields used in our paper (0.1 to 3.0 V/nm) are at least 10 times weaker than their fields,
we think it is a reasonable approximation to neglect the influence of the electric field on
the parameters of the AIREBO potential and use a separate potential energy to take into
account the interaction with the field.
The details about the models will be presented in sec. II. The results for both SWC-
NTs and double-walled CNTs (DWCNTs) are shown and discussed in sec. III. We draw
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conclusions in sec. IV.
II. PHYSICO-CHEMICAL MODEL
At the beginning of calculation, open-ended tubes with zero net charge and zero perma-
nent dipole moment are fixed at one of their two ends on an substrate which is supposed to
be insulating in order to allow us to neglect transfer of charges from the nanotube to the
substrate. Each atom is associated with both an induced dipole pi and a quantity of induced
charge qi when the tube is submitted to an electric field. The total energy of this system
U tot is the sum of the induced electrostatic energy Uelec and the interatomic potential Up :
U tot = Uelec + Up, in which Uelec can be written as follows:
Uelec =
N∑
i=1
qi(χi + Vi)−
N∑
i=1
pi ·Ei +
1
2
N∑
i=1
N∑
j=1
qiT
i,j
q−qqj
−
N∑
i=1
N∑
j=1
pi · T
i,j
p−qqj −
1
2
N∑
i=1
N∑
j=1
pi · T
i,j
p−p · pj (1)
where N is the total number of atoms, χi stands for the electron affinity of atom i, Vi
is the external potential, Ei represents the external electric field. T and T stand for the
vacuum electrostatic propagators regularized by a Gaussian distribution in order to avoid
the divergence problem when two atoms are too close to each other. They can be written as
T i,jq−q =
1
4πǫ0
erf[ri,j/(
√
2R)]
ri,j
, T i,jp−q = −∇riT
i,j
q−q and T
i,j
p−p = −∇rj ⊗∇riT
i,j
q−q, where ri represents
the coordinate of atom i, ri,j stands for the distance between atom i and atom j, and R is
the width of the Gaussian distribution of charge. The value of R used in this work is about
0.06862 nm, which was fitted to reproduce the polarizability of metallic tubes 18.
Taking lim ri,j → 0, we obtain the self energy terms (when i = j in Eq. 2) as follows:
1
2
qiT
i,i
q−qqi =
1
4πǫ0
√
2/π
R
q2i
2
(2a)
pi · T
i,i
p−qqi = 0 (2b)
1
2
pi · T
i,i
p−p · pi =
1
2
pi · α
−1
i · pi (2c)
where αi stands for the polarizability of atom i.
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FIG. 1: (Color online) Induced dipoles and charges on a open-ended metallic (5,5) SWCNTs
(L=4.8nm) subjected to a horizontal electric field E = 1.0V/nm. The positive charges move to
the right side and the negative ones move to the left (the color scaling is proportional to the density
of charge). The green vectors stand for the dipoles. The maximal amplitudes of these charges and
dipoles are about 0.34 unit of e and 3.2e · nm, respectively.
The distributions of dipoles {pi} and charges {qi} is determined by the fact that the
static equilibrium state of these distributions should correspond to the minimum value of
Uelec. Thus, by requiring that the partial derivatives of the total electrostatic energy with
respect to the 3×N components of the dipoles and N components of the charges should be
zero within Eq. 1, and taking account of Eqs. 2, we obtain {pi} and {qi} by solving N linear
vectorial equations and N linear scalar equations as follows:
∀i = 1, ..., N


N∑
j=1
T
i,j
p−p ⊗ pj +
N∑
j=1
T
i,j
p−qqj = −Ei
N∑
j=1
T
i,j
p−q · pj +
N∑
j=1
T i,jq−qqj = −(χi + Vi)
(3)
In Fig. 1, we show the distribution of the dipoles and charges induced by an electric field
on a metallic SWCNT.
The interatomic potential Up is computed using the AIREBO potential function20. This
potential is an extension of Brenner’s second generation potential (Brenner et al23) and
includes long-range atomic interactions and single bond torsional interactions. In this type
of potential, the total interatomic potential energy is the sum of individual pair interactions
containing a many-body bond order function as follows:
Up =
1
2
N∑
i=1
N∑
j=1
j 6=i
[
ϕR (ri,j)− bi,jϕ
A (ri,j) + ϕ
LJ (ri,j) +
N∑
k=1
k 6=i,j
N∑
ℓ=1
ℓ 6=i,j,k
ϕtorkijℓ
]
(4)
where ϕR and ϕA are the interatomic repulsion and attraction terms between valence
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electrons, respectively, for bound atoms. The bond order function bi,j provides the many
body effects by depending on the local atomic environment of atoms i and j. The long-range
interactions are included by adding ϕLJ , a parameterized Lennard-Jones 12-6 potential term.
ϕtor represents the torsional interactions.
Energy optimization is performed to obtain the motionless equilibrium configurations of
the atoms using the method of conjugated gradient 24. We note that during this process the
induced net charges and dipoles on each atom are updated at every step of the minimization
procedure (which is quite time-consuming).
III. RESULTS AND DISCUSSION
In this work, Cartesian coordinates are used with the z axis along the principal axis of
the tube. The open-ended tubes are fixed at one end to an insulating substrate and relaxed
in free space before being submitted to a homogeneous electric field. All applied fields are
parallel to the y-z plane. The field strengths are between 0.1 and 3.0 V/nm for the metallic
tubes and between 0.1 and 1.0 V/nm for semiconducting tubes. We note that Li et al.
showed that a semiconductor-metal transition takes place in a (16,0) CNT, when electric
fields reach about 3.0-4.0 V/nm 25. Furthermore, in actual experiments, the field strengths
needed to get comparable deflections are much weaker than those used here, since we use
tubes at least 100 times shorter than in experiment and, as shown hereafter, the longer the
tube, the weaker the field needed to get a given deflection. This is the same as in field
emission experiments in which the shorter the tube, the stronger the field strength needed
to produce a given field emission intensity, owing to the decrease of the tip effect on the field
enhancement factor (see e.g. Fig. 3 of Ref.26).
Fig. 2 shows the equilibrium position of a SWCNT in a uniform electric field. It can be
seen from this figure that the tube is only curved at the part close to the fixed end. We find
that its right side part remains straight and that it is slightly compressed by electrostrictive
effects27 comparing its average bond lengths before and after deflection. We note that in real
experiments, the tube would have thermal vibrations around this equilibrium position,28,29
and that this deformation is generally reversible.11 Furthermore, the bending of the fixed
end would generally not lead to important changes of the tube conductivity 30,31.
As shown in Fig. 2, the field angle θ is defined as the angle between the field direction
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FIG. 2: Electrostatic deflection of a SWCNTs (5,5), tube length L ≈ 19.8 nm, field angle θ = 45◦,
field strength E = |E| = 0.775V/nm.
and the z axis, the deformation angle ϕ is defined as the angle between the neutral axis of
the deformed CNTs at the free end and the z axis.
FIG. 3: sin(ϕ) versus E for two SWCNTs: a metallic one (5,5), L ≈ 13.16 nm, radius R = 0.34 nm),
and a semiconducting one (6,4) with the same L and R. The fields are applied in both θ = pi/4
and θ = 5pi/4 (in opposite direction).
Fig. 3 shows the relation between the external fields and the deformation angles ϕ for
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two SWCNTs. The deflection of the semiconducting tube is calculated using the dipole-only
model with parameters given in Ref.15, while we use the charge-dipole model with parameters
from Ref.18 for the metallic one. As expected, it can be seen that the deflection of the (5,5)
tube is much larger than that of the (6,4) semiconducting one for a given electric field,
and that the tube deflection is the same no matter whether the field direction is reversed.
Furthermore, we note that the form of the curves of sin(ϕ) versus E is in a qualitative
agreement with the results of the experiment of Poncharal et al (Fig. 1 in Ref.10), and we
find sin(ϕ) ∝ E2 when the deflection is relatively small (sin(ϕ) < 0.15) for both of these two
CNTs.
FIG. 4: sin(ϕ)/ sin(θ) versus E for a metallic tube (5,5), L ≈ 13.16 nm.
For higher field strength, the alignment ratio is defined as sin(ϕ)/ sin(θ). It is calculated
for several field directions and plotted in Fig. 4. It stands for the relative deformation to the
field direction and attains its maximum value 1 once the tube is well aligned to the field.
We can see that, when the value of E remains small (< 1.4V/nm), the alignment ratio is
larger for the smaller field angles θ. On the other hand, this tube can be more efficiently
aligned to the field direction in stronger fields for larger field angles. No deflection is found
when the field is perfectly perpendicular to the tube axis, because the induced molecular
dipole is already aligned to the field. However, we note that this case can hardly happen in
realistic experimental condition due to the thermal vibration of the tube and the fact that
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generally the CNTs are more or less naturally curved due to the presence of defects.
FIG. 5: Axial strain ε = ∆L/L (%) versus E2 for a metallic tube (5,5)(L ≈ 13.16 nm), when the
electric fields are applied parallel to the tube axis.
As expected, there is no electrostatic deflection found when θ = 0. Since the induced
molecular dipole of the tube is already aligned to the direction of the field, the total induced
torque acting on the tube is therefore zero. Nevertheless, slight electrostriction effects are
found in the axial direction of the tube. The electrostrictive deformation ε = ∆L/L is
plotted in Fig. 5 versus the square of field strength. It can be seen that ε is proportional
to E2 for these field strengths. This numerical experiment also allowed us to estimate
the nanotube Young’s modulus (Y ) directly by the stress over strain ratio, since the axial
external electrostatic force acting on the tube can be directly computed in our program.
Using the commonly adopted wall thickness value of 0.34 nm, we find that Y is about 0.95
TPa, which is in good agreement with the average of the values found in the literature for
that thickness (see e.g. section 2.1 of the recent review by Coleman et al.32).
Turning back to the question of electrostatic deflection, we also study tube geometry
effects. Fig. 6a shows sin(ϕ) versus the radius R for several metallic CNTs with the same
length. It can be seen that the bigger the tube radius, the smaller the induced deflection.
It is well known that the polarization effects are more important when the tube is bigger.
However, at the same time, the tube becomes harder to be bent due to the increase of the
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FIG. 6: In an external electric field E = 0.775 V/nm, θ = 45◦, a: sin(ϕ) versus the radii R of six
metallic tubes with the same length L ≈ 13.2 nm; b: sin(ϕ) versus the length of six (5,5) CNTs
L ≈ 6.52, 13.16, 19.8, 26.44, 33.08 and 39.72 nm.
moment of inertia of its cross section. From our results, it is obvious that the later effect
plays a more important role. Note also that the deflection of zigzag tubes is slightly smaller
than that of chiral and armchair ones, due to their larger elastic moduli33. This curve of
sin(ϕ) can be fitted as: sin(ϕ) = 1/(2.5886R2−0.3839). Hence sin(ϕ) is roughly proportional
to 1/R2 for this electric field.
Fig. 6b shows the relation between the deflection and the tube length. We can see that
the deflection increases significantly with the increase of tube length when ϕ remains much
smaller than θ. Then, it reaches a plateau. It can be seen that the form of the curve of sin(ϕ)
versus L is very similar to that of sin(ϕ)/ sin(θ) versus E. This is probably because L and E
play two similar roles in the total induced torque T = β(L)E2 sin(ϕ− θ) cos(ϕ− θ)(where β
is the molecular polarizability of CNTs).34 Hence, considering that the lengths of the CNTs
studied in previous experimental works are in the range from hundreds of nanometers to
some micrometers, the required field strength can be much lower than the fields used in this
paper for a given deflection angle. Furthermore, for letting the readers conveniently find
the values of sin(ϕ) in Fig. 6b, we give the best fitting function of this curve as sin(ϕ) =
sin(θ)/(1 + (L/15.3010)−5).
Fig. 7a shows the relation between the deflection and the field strength for two DWCNTs.
It is found that the deflection of DWCNTs remains small even in strong electric fields. For a
metallic cylinder, the screening factor is very high thus the inner layer is almost completely
screened. On the other hand, their important effective cross sections increase with increasing
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FIG. 7: For two metallic DWCNTs: (4,4)@(9,9) with L ≈ 12.2 nm, Rinner ≈ 0.27 nm, Router ≈
0.61 nm and (6,0)@(15,0) with L ≈ 12.2 nm, Rinner ≈ 0.23 nm, Router ≈ 0.59 nm. a: sin(ϕ) versus
E, θ = 45◦. b: sin(ϕ) versus cos(θ), E = 2Volt/nm.
layer number. Thus, a MWCNT can be much harder to be bent by the electric field than a
SWCNT with the same radius. sin(ϕ) is also plotted in Fig. 7b for several field directions.
We can see the DWCNTs can be most efficiently bent at θ = 60◦, like SWCNTs, for this
field intensity. This value can be biased towards 90 degrees because the axial polarizability
of CNTs is always greater than the radial one.
IV. CONCLUSION
In this paper, we investigate the mechanisms of the electrostatic deflection of cantilevered
metallic SWCNTs and DWCNTs. The equilibrium positions of CNTs in electric fields are
calculated. The metallic CNTs are much easier to be deflected than semiconducting ones.
The deflection is not changed by reversing the field direction. The curve of alignment
ratio versus field strength is found to change with field directions. The deflection is found to
decrease with the increase of the tube radius; conversely, it increases when the tube is longer.
The multi-walled metallic CNTs are found to be much harder to be bent in electric fields
than SWCNTs. Furthermore, we find that the electrostrictive deformation of SWCNTs
is proportional to the square of field strength. Uniform external fields are applied as a
theoretical simplification. However, our scheme is able to deal with inhomogeneous fields
such as those from real experiments.
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We believe that this paper could help developing a better understanding of recently
designed NEMS based on cantilevered CNTs. We also wish that these results can be useful
to open the path to some new nanoelectromechanical devices.
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